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fiCStiSft 

This  report  la  the  result  of  ny  endeavors  to  investigate  the  ability 
of  the  Phase-Lode  Loop  to  operate  in  a  lype  Two  and  Type  Three  Configure 
ation.  The  prinaiy  method  of  analysis  is  the  Analog  Computer  Simulation. 
Servo  Analysis  is  also  utilised  and  the  two  compared.  Step*  Ramp*  and 
Parabolic  inputs  are  used  separately*  in  a  random  process. 

All  the  bibliography  listed  on  Pages  6l  and  62  is  not  referred  to 
directly  in  this  report;  however*  the  complete  reoordlx^  of  all  avail¬ 
able  literature  on  the  Phase-Lode  Loop  will  serve  as  a  valuable  aid  to 
any  advanced  study  in  this  field. 
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Abgtrtct 

This  report  Is  the  result  of  an  investigation  and  slaulatlon  of 
a  ^  Three  Fhase-Lodc  Loop.  Standard  Boot  Locus  Analysis 

and  Analog  Coaputer  Sinulatlon  were  both  aeooapllshed,  and  the  results 
ootqpared.  Stop,  Zamp,  and  Parabolic  inputs  were  tested  separately  and 
in  a  randoa  sequence  to  obtain  the  response  of  the  Fhase->Lock  Loop. 

This  report  denonstrates  that  it  is  possible  to  operate  the 
Phase^Lodc  Loop  in  Type  Tho  and  Type  Three  configuration  with  large 
variations  in  the  basic  frequent.  Reoonmendations  for  further  study 
ud  physical  realication  are  nade. 
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INVESTIGATION  AND  ANALOG  SIMDUTION  OF 
THE  TYPE  TUO  AND 
TYPE  THREE  PHASE-LOCK  LOOP 


I.  Introduction 

The  advent  of  tlie  Spaoe  Age  has  introduoed  the  Phase-Lock  Loop 
(FIX)  I  also  known  as  Autoaatlo-Phase-Controlt  into  the  foreground  of 
ooomunlcatlons.  The  ability  of  the  FIX  to  receive  a  weak  FM  signal 
from  outer  spaoe,  increase  the  power  level,  axid  attenuate  the  noise, 
has  been  widely  used  in  Spaoe  Telemetry*  The  major  advantage  of  the 
FIX  is  that  the  loop  separates  the  gain  of  the  system  from  phase 
stability*  This  is  helpful,  because  additional  amplifiers  may  be  added 
to  the  loop  without  being  concerned  about  the  phase  stabill'fy  of  the 
individual  amplifier*  The  FIX  also  tends  to  Isolate  the  output 
amplitude  from  the  iz^t  am>lltude,  which  reduces  the  power  require¬ 
ments  to  a  relatively  low  level*  Low  power  leads  to  transistorized 
circuitry  which  eiplains  the  wide  use  for  space  oommunications* 

One  ioportant  use  in  the  field  of  video  transmitters  is  the  Auto¬ 
matic  Three  Oloensional  Electronics  Scanned  Array  (Ref  14).  FIX  is 
also  used  in  advanced  PM/fM  telemetry  aystems,  sudr  as  the  Phase  Coherent 
Detection  System  (Ref  19). 

Basically,  the  FIX  is  used  to  mrndironise  an  oscillator  with  a 
low  power  reference  signal*  Ihe  main  component  of  a  FIX  is  ^wn  in 
Figure  1* 


The  electronic  loop  consists  of  a  Phase  Detector,  a  Voltage 
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Controlled  Oscillator  (VCO)  and  a  Loop  or  Low  Pass  Filter  (Ref  7). 

The  operation  of  the  system  is  best  understood  by  assuming  that  the 
frequen(7  (  co,  )  of  input  oscillator  is  equal  to  the  frequency  (c^ ) 
of  the  VCO.  The  D.C.  output  of  the  phase  detector  is  proportional  to 
the  {diase  differenoe  between  the  input  oscillator  and  VCO.  If  the 
frequency  of  the  iqput  oscillator  tends  to  change,  the  phase  difference 
will  change  first  and  present  a  correction  voltage  to  the  VCO  to  main¬ 
tain  the  VCO  at  the  same  frequency.  The  Loop  Filter  removes  the  hanaonios 
that  are  generated  in  the  Phase  Detector.  This  system  is  unique  in 
that  the  frequency  remains  unchanged,  a  characteristic  idilch  would  be 
IsgMSsible  in  an  Automatic  Frequency  Control  System  (Ref  12). 

Previous  Vbric 

Lt.  Vfendlaod  (GGC-62)  Investigated  the  feasibilities  of  using  the 
Type  One  PLL  as  a  feedbadc  aBq>llfler  for  use  with  a  Ikielear  Magnetic 
Gyroscope.  His  preliminary  investigation  demonstrated  that  the  PU, 
will  perform  satisfactorily,  provided  the  Inputs  are  step  change  in  fre¬ 
quency,  and  a  finite  constant  phase  error  can  be  tolerated.  Lt.  Wend- 
land's  preliminary  investigation  also  concluded  that  the  phase  of  any 
aiqpllfler  added  to  the  circuit  was  negligible  (Ref  19). 

To  optimize  the  PLL,  it  is  necessary  to  have  zero  phase  and  fre¬ 
quency  error  under  random  inputs.  In  order  to  acooBq>llsh  this,  the 
system  type  must  be  Increased.  This  investigation  will  attempt  to  in¬ 
crease  the  type  of  the  system  used  by  Lt.  Vibndland  and  to  reduce  the 
phase  error  when  operated  under  step,  rang),  parabolic,  and  random 
Ixqputs. 
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ABA3£81&  Prooedure 

The  analysis  proosdura  used  In  this  investigation  was  designed  to 
demonstrate  olearly  the  function  of  the  FIX  when  operated  under 
Two  and  Type  Three  oondltlons. 

Method  The  major  method  of  analysis  selected  for  this 

investigation  was  physical  simulation  on  the  Analog  Computer.  The 
ooaqputer  results  were  oog^Mured,  idien  possible,  with  normal  feedbadc 
control  aystaa  Root  Locus  tedmiqhes.  The  Analog  simulation  was  used 
for  three  reasons. 

(1 )  The  FIX  is  oonoemed  with  two  basic  quantities,  frequency 
and  phase.  The  frequency  is,  by  definition,  the  time  rate  of  change 

of  the  phase.  /2  ~  1  Because  of  this  interrelation,  the  two  oan- 

V  '  di  / 

not  be  ooqpletely  separated  in  ary  systaai.  The  Analog  simulation 
retains  these  two  in  their  prospective  within  the  system. 

(2)  The  phase  detector  is  basically  a  non  linear  device.  Because 
of  the  presence  of  a  non  linear  device  in  FIX,  the  dynamic  analysis  be» 
oomes  extremely  difficult.  These  non  linearities  are  all  taken  into 
account  by  Analog  simulation,  which  simplifies  the  problem  of  ^jxmmLe 
analysis. 

(3)  Analog  Coqiuter  simulation  provides  a  penunsnt  sot  of  graphs 
whldi  can  be  used  for  stud^y  and  evaluation. 

Investigation.  The  basic  Analog  slmnalation  components  used 
by  Lt.  Viendland  were  redesigned  and  improved  to  prodaoe  a  Type  Two  and 
a  Type  Three  cystem.  The  loop  was  then  connected  and  analysed  to  de- 
texmlne  its  dynamic  response  diaraeteristios. 
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The  investigation  oontinued  with  the  theoretical  anaJiysis  qf  the 
FLL.  The  loop's  Root  Locus  were  plotted  b;/  means  of  the  lEM  1620 
Digital  Cosqputer.  The  program  was  derived  from  a  thesis  written  bgr 
Lt.  H.M.  Paskin  with  iii^rovements  made  hy  Captain  C*  W.  Richards,  Jr. 

The  program  is  given  in  AppeinHx  B.  The  results  will  then  be  oamparei. 
The  concluding  chapter  will  contain  conclusions  and  recosBendations 
for  further  stud/  and  experiment. 
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JX*  COBDtttT 

for  the  Phaae-Lodc  Loop 

The  individual  oonqponente  of  the  FIL  are  designed  and  siaulated 
separateOyt  and  then  fomed  into  a  loop  as  shown  In  Figure  2. 

The  basic  frequency  of  5  was  dw>sen  beeaase  of  the  design  of 
the  liqjut  OSC  and  VCO  and  the  freq[aency  range  of  the  ocqputer.  In 
actual  operatlout  the  frequency  of  the  FLL  Is  10  to  20  kqps*  This 
means  that  10  seconds  on  the  slnlatlon  is  eqiolvalent  to  approximately 
10  nllUseconds  In  the  actual  aystem* 

The  Lput  Oscillator  requires  a  variation  In  frequency  tantamount 
to  s  5  rps  without  changing  the  amplitude  of  the  output.  As  can 
be  seen  in  Figure  2  both  the  COS  e^,  t  and  SIN  c^,t  Kst  be  generated  by 
the  Iiput  Oscillator.  The  basic  sin  cos  generator  In  Figure  3  Bust  be 
modified  slightly  to  oMet  the  above  requiraiMnts.  The  caj  in  Figure  3 
could  not  be  changed  smoothly  and  evenly.  In  Figure  4.  the  potenti¬ 
ometers  ^/c,  are  replaced  by  servo  potentionaeters.  The  potentiometers 
must  be  equally  loaded  or  they  will  change  the  amplitude  when  large 
step,  raiqp,  or  parabolic  changes  In  frequency  are  made.  Mien  s  o, 
the  potentiometers  are  set  at  .5.  This  makes  the  center  frequency  of 
the  oscillator  5  ips*  proper  value  of  Zl&J,  the  aJ,  of  the 

oscillator  will  vaxy  over  a  range  of  aero  to  ten  xps. 

Phase  Detector 
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The  phase  detector  Is  the  most  critical  part  of  the  FIL.  For  this 
reason  an  electronic  multiplier  is  used  to  simulate  the  phase  detector. 

The  simulation  is  shoun  in  Figure  5*  The  most  accurate  type  multiplier 
available  on  the  Electronic  Association  Lioorporated  Con^ter»  idilch  was 
utilized  in  this  investigation,  is  the  Quarter-Square  Type.  Diodes  are 
used  to  generate  the  square  waves  for  a  quarter  or  square  multiplier 
where 

r  -  -1 

xy  =  i  (x  +  y)  -  (x  -  y)  (1) 

The  multiplier  requires  both  signs  of  the  input  variables.  The  conneo- 
tlon  made  to  S  and  G  effectively  reax>ve  the  nomal  feedback  resistor 
(fief  6).  The  proper  scale  factor  and  sign  at  the  output  amplifier  is 
best  detezmlned  by  solving  the  current  equation  at  the  amplifier  suamilng 
Junctlonf  as  Illustrated  in  Figure  6. 

Mstdh  filter  S^ffu^^tipp 

The  notch  filter  used  is  the  one  designed  by  Lt.  Usndland  (Ref  19). 
The  filter  consists  of  two  paths.  One  path  has  a  unity  gain  and  the 
other  contains  a  high  phase  filter  set  »nahiii>g  the  notch  to  attenuate 
the  second  haznonlc  (2  6  ),  The  high  pass  filter  assumes  the  form  of 

H(8)  =  •H(J«.,)  (2) 

W 

From  the  log  magnitude  and  angle  plot  in  Figure  7,  one  can  see 
that  if  <C  10  rps«  the  signal  will  be  attenuated,  and  when  a/>10  zps 
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Notdi  Filter  Slnulatlon  Ciroalt  (Ref  19) 
Figure  9 
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Flgor*  10 
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the  signal  vdll  pass  at  gain  1.  Vfhencoa  10  rps,  the  signal  vdll  have 
a  gain  of  one,  but  will  be  180  out  of  phase.  Effectively,  the  high 
pass  filter  is  replaced  by  an  amplifier,  and  the  output  is  eero. 

Cascading  four  s/(s  +  10)  circuits  together  will  give  the  sinulation 
of  the  high  pass  filter.  Two  methods  of  simulation  are  possible,  as 
shown  in  Figure  8.  The  second  one  was  used  because  of  the  high  forward 
gain  in  xxumber  1 .  The  oonplete  computer  simulation  for  the  Notdi  Filter 
is  in  Figure  9. 

Theoretically,  this  Notch  Filter  will  only  suppress  the  second 
harmonic  at  »  10  rps  as  can  be  seen  in  the  experimental  Log  Magnitude 
Plot  in  Figure  10.  The  Notch  Filter  performed  satisfactorily  for  the 
range  of  oj  used  in  this  investigation. 

Loop  Filter 

Most  Loop  or  Low  Pass  filters  are  represented  by  factored  transfer 
functions.  The  only  restriction  on  the  transfer  funetion  is  that  the 
order  of  numerator  be  equal  to  or  loss  than  the  denominator.  The  fact¬ 
ors  of  the  transfer  function  are  first  simulated  and  then  cascaded  to 
fora  the  low  pass  filter.  The  factors  fall  into  three  general  forms, 
the  sinulation  of  which  is  shown  in  Figure  1 1 .  The  sinulation  of  the 
low  pass  filters  used  in  this  Investigation  is  found  in  i^ppendix  Figure 
A-2. 


Ifoltage  Controlled  Qae4nAt/>p 

The  VCO,  as  its  name  ijq>lies,  states  that  it  must  tolerate  being 
controlled  by  a  voltage.  In  addition,  both  the  oos  and  sin  must  be 
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Factor  SiBulatlon  Clrealts 
Figur*  11 
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generated  to  provide  the  feedback  and  jdiase  error  detector  Inputs,  and 
the  anplltude  of  the  output  must  be  independent  of  angr  change  In  fre¬ 
quency.  These  requirements  are  the  same  as  the  Input  Oscillator.  The 
VCO  Is  basically  the  same  as  the  Input  Oscillator*  If  A  Is  replaced  by 
B  andc.^/  by  ,  the  simulation  Is  shown  In  Figure  4. 

Phase  Shifter  Simulation 

In  order  to  start  the  Irqput  Oscillator  and  the  VCO  at  relatively 
equal  phase  and  to  prevent  the  stability  point  from  shifting,  a  phase 
shifter  was  placed  in  the  feedbadc  loop.  The  feedbadc  Is  B  SIN  (u^t-f 
with  the  shifting  dreolt  controlling  ^  . 

The  basis  for  the  circuit  Is  the  trigonometric  Identity 

SIN  (a  4  b)  «  SIN  a  COS  b  •*>  COS  a  SIN  b  (3) 

let 

a  ■ 

b  a  pj 

It  becomes 

SIN  )  =  SIN  cu>^t  COS^J^  +  COSc^^t  SIN  ^  (4) 

Figure  12  demonstrates  the  basic  coaster  diagram  idiile  Figure  13  shows 
the  circuit  as  It  appears  in  the  loop  (Ref  19). 

Voltage  Controlled  QaMnat^r  lacking 

Due  to  the  Inherent  Instability  of  the  Analog  Computer,  the  Inte¬ 
grator  drifts,  and  the  power  loss  In  the  feedback  capacitors,  the  as^ 
Utude  of  VCO  tends  to  change  when  large  or  rapid  variations  in  ^  c<j 
are  atteq>ted.  In  order  to  ooiqjletely  analyse  the  phase  of  the  FLL, 
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Basic  Computer  Sinulatlon  of  the  Phase  Shifter 
Figure  12 


tJf.CSff  yJ.OC.OS 


/£E/ 62-20 


20 


Basic  CoB^uter  Circuit  for  Sin  Cos  Look 
Figure  14 
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the  aaqplltude  of  the  VCO  Is  locked  to  the  correct  value. 

In  an^  osclUatort  the 

A  C0S'*'»C+  A  SIN*^-  A  (COS**^  +  SIn'U)  *  A  »  constant  (5) 
Whenever  the  an^litude  of  A  changes  or  drifts  to  II 

k  COS^  +  k  SIN^  ^k  (6) 

Let 

X  »  A  SIN 
y  a  A  C0ff*X- 

0<  a  clj  t 


then 

A-(x  +  y)=e  (7) 

idiere  £,  is  equal  to  the  error  of  A. 

^  use  of  nultlpliers  and  suBaere,  |a'-  (x  *  y)J  can  be  genera 
ated,  and  if  fed  into  each  Integrator  of  the  oscillator  as  a  negative 
or  positive  daoqping  proportional  to  £  ,  will  Maintain  A  at  the  correct 
level.  Figure  14  illustrates  the  basic  oonputer  sinalation  needed 
(Ref  11).  If  X  (  or  y  )  increases,  C  becomes  negative,  and  -  £  x/lOO 
beoones  positive.  Vhen  -  £  x/lOO  is  fed  to  the  input  of  an  Integrator, 
the  output  decreases. 

The  sijnilation  used  in  the  FIL,  as  shown  in  Appendix  Figure  A^l, 
can  be  obtained 
if 

X  ■  20  SIN 

y  a  20  cos  CUjX 

The  multipliers  used  are  of  the  Hue  Division  I^pe.  These  are  used 
because  of  the  unavailability  of  the  Quarter  Square  T^. 
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-  A  s /A/  C^,6  -  3  S//l(  (clJ^£  -h  &/o) 

if  A ^3  c^,s 

=  /iS//(L,i.^  i.±L)-4s/A^rc^(,^^ 

JL  <A  /  ^  U 

Sf/>/Ce  *■  S/a/ Of  s  J///  ^ 

thfl/  Als/A/(^.i-  ^  ^  ^)tS/4/(‘^.i  -  ^3  - 

Sf0tt  ^Cos  0S/Ar^  -  S///(^  S//f/Qu.  - 

;/=  u  ^  iou-d  y.  ^ 

JL  ^ 

/w/,,  z/>eosC<^,t  s//y(-  P) 

I„  -  -J/9  JT/zT  |l  jC0S^.t  y  ^rj] 

Ij^Jz  J/)  S//V  ^ 

jCI  j:\ 

Aon  S/nalL  ^/f/fles  ^ 

1x^1=  JlA(-pL-'^=  fl  (ftt 


Ftias*  Error  Detootor  Analysis 
Flgur*  16 
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Phaaa  Error  Dataeter 

The  Analog  Sinalatlon  requires  that  the  phase  difference  between 
Input  Oscillator  and  VCO  be  plotted  as  an  output  signal.  If  the 
negative  of  A  SIN  cij,  t  and  4’  B  COS  (e^^t  +  are  totaled,  assuming 
that  A  >  B  and  c^,  a  then  the  output  Is  propoirtional  to  the  phase 
angle.  Figure  l6  demonstrates  the  theory  from  idildi  this  simulation 
is  derived*  Figure  15  illustrates  the  actual  simulation  (Ref  19). 

If  the  aoqplitudes  of  the  oscillator  vary*  the  phase  error  voltage 
detected  will  not  depend  on  the  phase  error  alone.  With  the  locking 
circuit  on  the  VOO,  the  reading  of  the  phase  error  detector  more 
closely  q>proztmates  the  phase  error. 

The  next  step  of  the  investigation  consists  of  integrating  the 
FIX  oosponents  and  obtaining  the  dynamic  responses. 
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UX*  Dynafltp  AaaagsAa  g£  as 

Fhase^Lock  ]|£S£ 


The  sinulatlon  of  the  Fhase-Loek  Loop,  as  shown  in  Appendix  A,  was 
analyzed  to  detenilne  the  characteristics  with  different  filters  which 
make  the  loop  l^pe  Two  and  T^rpe  Three.  The  system  was  examined  with 
five  filters. 

The  ii^ts  to  the  system  assumed  three  forms,  step,  raaqp,  and,  in 
Type  Three,  parabolic.  In  the  Type  Two  system,  the  step  was  set  at  1 
volt  and  the  rao^  at  1  volt/second.  In  the  lype  Three  system,  the  step 
was  1  volt,  rasp  was  .13  volts/second  and  parabolic  was  .13  volts/second  . 


In  terms  of  frequency 

Input 

Type 

Type  Three 

step 

.05  radians/second 

.05  radians/second 

ramp 

.05  radians/seoond*^ 

.0065  radians/second 

parabolic 

.0065  radians/second 

The  system  was  tested  by  Inserting  the  filter  desired  and  then 
applying  the  various  it^t.  The  system  gain  was  varied  to  determine  the 
limits  of  G  for  stability,  and  to  obtain  the  best  operating  point. 

Two,  lype  Two  filters  of  the  fonas 


and 


F(s); 


F(s); 


(s  »  a)  (s  b) 
s  (s  +  c) 


idiere  c  >a  and  b 


(8) 


s  +  a  s  +  b 


17777 


where  s*^  -f  a  s  -f  b  has  oooqplex  roots  (9) 
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A  -5 /A/  a5,  t 


0  SlAf  cJj  t 


"i 

Step  Response  for  ^  Stjrsten 
*-^A 

Figure  17 
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were  attempted,  bat  due  to  oospiter  InstablUtyt  oscillations  of  8000 
ogroles/second  were  generated  In  the  loop  and  prevented  the  analysis  of 
the  FU.  (Ref  5t&  100.105), 


Ihe  filter  used  for  Typo  Two  (0  ■  30)  is 
.3  (a  +  .1) 


r(8) 


(Figaros  17  snd  18) 


s  (s  +  .5) 

Tho  fUtor  usod  for  Typo  Two  (0  =  70)  Is 

.3  <8  +  .6)  (s  +  .1 ) 

F(s)  ' 


8  (s  1)  (s  +  .5) 

Tho  fUtor  usod  for  Typo  Throo  (0  ■  150)  is 
.3  (s  .1)  (s%  58  +  2  ,5) 


(Figuros  19  snd  20) 


(10) 


(11) 


F(8) 


s”  (8^+  88  +  20) 


(Figaros  21,22  &  23)  (12) 


Tho  above  figores  aro  typical  results  for  tho  gain  shorn.  Tho 
figares  oonslst  of  five  soparato  graphs  whldh  oorroqpond  to  tho 
reoordor  channels  in  i^>pondlz  A.  All  scales  are  aarkod  in  volts  and 
tho  tlao  scale  is  5  soconds/aa. 

The  first  curve,  A  SIMcc;>t  is  the  sine  output  froa  tho  input 
oscillator  in  tho  slaulation  droait.  The  froq:aonoy  is  five  radlans/soc. 
ond  up  to  tho  point  dioro  tho  iapat  is  appliod.  Vbon  tho  ii^ut  is 
applied,  tho  frequency  beocnes  c^,  whore  dcu  is  a  stop,  vamp, 

or  parabolic  iiqnts. 

Tho  soconi  curve,  B  SINa^t  is  the  sine  output  of  tho  VCO.  The 
froquonoy  is  C4^ ,  and  after  initial  looking  oscillation,  will  bo 
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Ba^>  Rasponse  for  Typo  Too  l^jrartoB 


Flguro  18 
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Step  Response  for  Type  Tnd  S7steB 
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A  S/aJ  c^,  t- 


/3  S/a/  c^t 


fTnrTrr'i' ’ 

Qilili ill  ruirn m'miniiuiut_i;iiiiiL.,. 


H 
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/jS/A/  CJ,t 


i  G^iSo  (jf/W 

"/  ^  step  Response  for  Type  Three  lustra 

J2>n. 

Figure  21 
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Figure  23 
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equal  to  c-J,  .  In  theory  will  follow  c«j,  with  no  error. 

The  third  curve,  modulation  product  (-^^)  Is  the  output  of  the 
phase  detector.  This  signal  Is  the  product  of  A  COS  ou,  t  and  B  SIN  c.-^t 
and  contains  haitnonlcs  plus  a  DC  level,  which  Is  equal  to  the  phase  error 
as  can  be  seen  In  Figure  5* 

The  fourth  curve  )  Is  the  control  voltage  that  Is  applied 
to  the  voltage  controlled  oscillator  after  filters  of  the  system  re¬ 
move  the  harmonics.  This  curve  represents  the  response  to  the  li^t. 

In  steady  state  the  curve  will  assume  the  form  of  the  Ix^t. 

The  fifth  curve  {JZn.)  Is  the  phase  error  voltage  and  Is  obtained 
from  the  phase  error  detector.  The  amplitude  of  this  voltage  Is  a 
direct  measure  of  the  difference  In  phase  between  the  Input  oscillator 
and  the  VCO. 

The  lagiortant  characteristics  of  the  system  are: 

1.  The  type  of  filter  used 

2.  The  gain  of  the  ^stem  used 

3.  The  type  of  inpat  used 

4.  The  type  of  overall  system 

After  selecting  or  setting  the  above,  the  characteristics  of  the 
system's  performance  are: 

1.  The  stea^  state  phase  error  of  the  system 

2.  The  general  characteristics  of  transient  response 

Table  One  gives  the  ooisparlson  of  the  three  ^sterns  uzxier  step, 

ramp,  and  parabolic  Inputs.  These  curves  ai:d  tables  Illustrate  the 
reason  for  the  choosing  of  the  higher  degree  Type  Two  filter  for 
remainder  of  this  report. 


35 


aE/EaS/62-20 


The  oo^plete  step*  raaqpt  and  parabolic  reeponeee  are  given  in 
Appendix  C  and  Appendix  D  for  the  Type  Tnd  and  Type  Three  qreteas  re- 
qpeotiveljr. 

A  liaitation  of  the  Analog  Computer  Slaalation  is  seen  in  Plgare  20 
and  i^pendix  figures  C-lj*  C-17*  and  1>>21.  \iien  a  high  forward 
gain  is  ttsed,  the  ixiberent  noise  of  the  DC  ai^lifiers  used  in  the 
Analog  Computer  prodnoes  a  oonsideraUe  aeonnt  of  noise  in  the  oontrol 
signal. 

atahilitv  Paint 

Vben  the  sgrsten  is  started  at  t  ■  0,  the  loop  will  oselllate  until 
both  frequenogr  and  phase  of  the  Input  oselllator  and  VOO  are  exactly 
alike.  One  point  of  Interest  is  that  the  loop  has  the  ability  to  look 
at  one  of  two  points.  Look  ean  be  obtained  at  0  or  ~rr  radians  phase 
dlfferenoe  depending  on  the  initial  phase  of  the  input  osoillator  and 
VOO.  Vhenever  (,<!>-•&)  is  positive  and  between  0  and  tt  radians*  the 
loop  will  lode  in  at  0.  Uien  -  ■»■}  is  negative  and  between  0  and  TT 
radians*  it  will  lode  in  at  tt  radians  phase  differenoe.  This  can 
best  be  seen  by  looking  at  the  expression  for  the  output  of  the  phase 
detector 

2  SIN  (2c.;t  -e-)  (13) 

idien  the  {  ^  negative  the  DC  level  2  SIN  (  ^  -  -&■)  beoones 

negative  since 

SIN  (  -  otf  )  «  -  SIN  oc  (14) 

This  negative  voltage  will  tend  to  decrease  the  phase  of  the  VOO  until 
the  point  where  SINocb  SIN  -««■  0  which  will  happen  idMn^-^«7t«dians. 
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This  neans  the  loop  vUl  look  at  phase  difference  of  TT  radiahs. 

The  phase  shifter  assured  that  ( ^  ~  -^)  Is  always  positive  and  will 
Buke  the  loop  look  In  at  the  0  radians  phase  difference  stability  point* 


Static  Error 

Vrom  the  Ihase  Error  Detector  Analysis  in  Figure  16 


u.l.  A  s. 

(15) 

If  E^  H  peak  to  peak  voltage  of 

then 

E^  »  2  A  d2>t 

(16) 

-  il- 

2  A  ko 

(17) 
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IV.  ThaoreUeal  Servo  Analrgis 
si,  Fhaae-Lodc 

The  servo  blodc  diagram  of  the  PU  ie  given  in  Figure  24.  It 
is  a  sligile  unity  feedbadc  systea  in  (P  .  K,  represents  the  gain  of 
the  Phase  Oeteotor*  uhile  the  l/s  term  dhows  the  integration  of  the 
frequency  whidi  is  equal  to  phase  difference. 

If  I  K^.  H(s),  F(s)  are  known,  we  oan  plot  the  Boot 

Loous.  The  Boot  Locus  is  a  plot  of  the  roots  of  the  eharaoteristio 
equation  (1  4-  Q  H)  of  the  dosedi-Ioop  qrstsgs  as  a  funetion  of  gain 
(Bef  2).  F^rom  the  Boot  Loons,  one  can  obtain  the  roots  of  the  disraoteiw 
istio  equation  and  the  liqnrtaxit  parameters  such  as.  t-<i—  to  peak 
overshoot  (t^).  settling  time  (f»),  and  peak  overshoot  (Mr). 

is  defined  as  the  maxlmMn  overshoot  of  the  steady  state  value, 
is  the  tine  required  to  reach  the  overshoot.  A  small 

means  a  quidcer  response,  is  the  tine  required  for  the  response 
to  oone  within  two  peroent  .of  the  steady  state  value.  A  snail  tr. 
indioates  the  aystea  tends  to  be  more  stable. 

Detector 

In  this  investigation  the  multiplier  was  xwed  for  the  phase  de¬ 
tector.  The  sane  results  could  have  been  obtained  by  using  the  balan»> 
ed  aodulator  (Bef  19).  The  output  of  the  phase  detector  took  on  the 
foxn  in  Figure  25. 

When  using  standard  ooaqnter  equipment,  the  tern  is  divided  by  100. 

If  A  -  B  «  20  then  K  «  2 

/ 
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Figure  26 
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Loop  Filter 

The  gain  Kj^of  the  loop  filter  transfer  function  Is  taken  arbltrarUjr 
as  .3  •  The  reaalnlng  part  of  the  transfer  function  Is  dependent  on  the 
type  qrsteut  and  the  filtering  desired.  Two  orstems,  one  Type  Two  and 
one  Type  Three  were  flnaUy  selected*  for  analysis.  The  two  filters  are 


and 


P(s) 


•3  (a  +  .6)  (s  +  .1) 
8  (s  +  1)  (s  +  .5) 


(IB) 


,(.)  .  .3  Z.S)  (B  *  .X) 

8^  (s*  +  88  +  20) 


(19) 


Filter 

The  notch  filter  transfer  function  Is  dependent  on  the  high  pass 
filter.  The  deteznlnatlon  of  the  H(8)  Is  given  In  Figure  26  (Ref  19)# 


Vbltage  Controlled 

Adjusting  the  input  to  the  VCO  b(y  100  volts,  varies 
the  VCO  frequency  by  $  radians.  Therefore,  the  VCO  sensitivity  Is 
.05  xps/volt.  Aqy  variable  gain  nust  be  oultlplled  by  .05.  Lt. 
Msndland  detexvlned  the  dynanlc  transfer  function  of  the  VCO  to  be 

<•>  ■  T:  +  4  + +  3l«> 

-  (289)  (.05)  0 

(Ref  19:^) 

Using  noxnal  Servo  tediniques,  the  forward  transfer  function 
beooMs,  for  Type  Two 
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Q(s)  a  Gr(8*  -*•  100)(8  »6)  (s  -f  .1)(3  *  k  ~  J2)(8  4  ■  J2)  (21) 

8*^  (8  +  .5)(8  +  1)(8  +  6  +  jl6)(s  +  6  -  jl6)(s  +  10) 

where  »  (5)  (2)  (.3)  (289)  0 

H(s)  >  1 

The  Root  Loons  plots  ere  given  In  Figures  2?  and  28. 

For  Type  Three 

G(s)  *  Gr  (s'*'-*-  100)(s  *  .iKs^*  58  »  2.5)(8  »  4  j2)(8  ♦  4  -  32)^,, x 

8^  (s*^-*-  8s  +  20)(8  +  6  -  jl6)(8  +  6  +  jl6)(8  +  10)  ^ 

where  G^=  (5)  (2)  (.3)  (289)  Q 

H(8)  «  1 

The  Root  Loons  plots  are  given  in  Figures  29  and  30. 

Figures  31.  32,  and  33  illustrate  the  Boot  Loous  if  the  poles  axxl 
zeros  of  the  VOO  and  notdi  filter  are  neglected.  It  olearly  shows  that 
great  error  is  presented  if  we  neglect  these  poles  and  zeros  when  opezw 
ating  with  the  present  filter  under  Type  Three  oondltions. 

Iiiien  the  poles  and  zeros  of  the  fozward  transfer  function  are 
known,  the  Boot  Loous  was  aoeorately’  plotted  hjr  the  Digital  Coaputer, 
and  the  thesis  written  by  Lt.  Faskin  with  ijiproveaents  by  Captain 
Richards  of  the  Matheaaties  Departaent.  The  prograa  and  operating 
instructions  for  the  lEK  1620  are  found  in  ippendix  B. 

Theoretical  Static  fhase  Error 

If  ^  C.7  is  the  steady  state  error  of  the  aystaa,  then  the  theoz^ 
etioal  phase  error  of  the  systea  can  be  derived. 
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Figure  28 
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Pi«ur»  31 
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Fi^:ur«  32 
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Froa  Figure  24 

(23) 

JL^  «  Kj  F(8)  K(8)  (24) 

Zioj  .  K^-<=  K  I^F(8)  H(8)  (25) 

•  /fl  ^  f26) 

B(8)F(8j 

For  a  l^rpe  Two  flar8tan 

a.  For  a  step  Input 

/lcj‘=  <^(t)ss  (27) 

k; 


lAere  kJ  is  the  step  statle  error  ooeffleieatt  defined  as 


K 


o 


s^o 


0(8)  ■  oo 


(28) 

(Bsf  2tl23-129) 


•  *■  ^  CO  ■  0 

and  (9-/1  ■  0 

/ 

b.  Fbr  a  nuqp  Iqput,  uhere  Is  the  rsap  statle  error  ooefflolent 


idMre  Is  the  Input  (Ref  2iil2>129) 


■  rTpTt^WTCT  dt,  *<■) 
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In  a  like  manner  for  T^rpe  Three 

(3r\^  ■  0 

and 


for  step  and  ramp  Inputs 


_ 

\l  *3  F(a))**'^®’^  pnmboUc  ii^nits.  (32) 


9 
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I,  Bpgatfegt  ConoLislx>n8. 

Results 

The  theoretical  values  of  t^*  ^  is  t  found  using  the 
oonventional  Root  Locus  nethods  from  the  location  of  the  closed  loop 
poles  and  zeros*  In  both  cases*  there  Is  a  real  root  that  mst  be  con¬ 
sidered  to  obtain  the  accurate  values  of 
264-268). 

Table  Two  illustrates  the  theoretical  and  esperiaental  values  of 
tfi,  ,  and  (9n.  The/»J„  tp,  and  tg  were  detezvined  bgr  the 
step  response  of  the  sgrsteu*  The  vas  obtained  for  Type  Two  froa 
the  raa^t  for  Type  Three  from  the  paraholie*  The  values  compare 
favorably* 

Stray  Voltage  Error*  The  aa^lif iers  of  the  Analog  Oosqputer  tend 
to  drift  during  operation*  Any  drift  in  the  amplifier  is  integrated  in 
the  loop  and  becomes  a  parabolic  error*  This  error  will  vazy  with 
different  gain  or  may  even  change  from  day  to  day*  or  run  to  run.  An 
exaaqple  for  Q  »  150  Type  Three  is  given  in  Figure  35*  An  error  of  this 
type  produces  a  growing  phase  error  in  Type  Two*  while  in  Type  Three 
it  produces  a  constant  phase  error*  This  error  can  be  subtracted  from 
the  steaidy  state  phase  error  found  in  Type  Three* 

filBdfil  HBHi  Besnomse*  The  final  step  in  the  dynamic  analysis  of  the 
Fhase-Lock  Loop  was  the  response  of  the  system  under  random  inputs*  To 
better  exhibit  the  quali^  of  response  of  the  Type  Two  and  Type  Three 
system*  a  Type  One  system  using  the  filter  designed  ty  Lt*  Msndland  was 
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exBBlJMd  (Bef  19).  This  filter  Is  illaetrated  in  Figure  3^.  The 
response  of  the  three  fl78tflns  Is  shown  In  Figures  36,  37*  •ad  38. 

The  Gains  of  the  three  qrstegas  are 

Type  One - 35 

Type  Two— ———70 
Type  Three— ——150 

The  first  five  ourves  are  Identloal  to  the  rsBSlwier  of  the  runs.  The 
sixth  ourve  is  an  Indloatlon  of  the  Input  to  the  Xhput  OsoUlator.  ill 
soales  are  In  solts/oa  and  the  tine  soale  Is  5  seoonds/oB.  These  three 
curves  olsarly  Indioate  the  traaendoas  laprovements  that  wei«  aooonp- 
llshed  bgr  Inereasing  the  Ijpe  of  the  general  aystaa.  tt>te  the  anpUtude 
soales  on  the  phase  error  voltage  (^/v )  and  on  the  control  voltage 
(j^g^  )•  The  range  of  frequenoy  variation  was  treme^s»Z,7  xpa  to 
u,/  Jps. 


The  results  of  this  Investigation  dearly  daaaonstrate  that  the 
Ihase-Lock  Loop  can  be  operated  in  the  lype  Two  and  TFpe  Three  config¬ 
uration.  A  constant  phase  error  was  neoessazy  to  follow  the  raaqp  In 
Type  Two*  and  the  parabolio  In  Type  Three,  but  the  range  of  frequency 
Qhange  was  significant.  The  ourve  la  i^>pendlx  C  and  D  show  that  the 
frequency  oan  be  changed  iq>  to  I.5  with  satlsfaetozy  results.  Bi 
texM  of  a  pfaysloal  SFstea,  using  a  frequency  on  the  order  of  10  hops, 
this  Is  a  nazlEod  liqprovenant  over  the  baaio  Type  One  systan  used  by 
Lt.  Wsndland. 
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filflSHSBdiildfiBft 

Th«  oaqputer  sijailation  of  tho  Ihaso-Look  Loop  agroos  favorably 
vlth  tba  Servo  inalyaia.  Tlw  next  logioal  step  for  farther  inveatiga* 
tlon  of  the  FIX  wold  be  to  Integrate  a  pfayaioal  eonponent  into  the 

oo^pater  ainulatlon . •e.g.  a  pbyaleal  tnuaistorlsed  Phase  Deteo- 

tor  oould  be  patdied  into  the  Analog  Ooapnter  sinulation  to  analyse  the 
effect  of  the  higher  hamonioa  generated  by  the  phase  deteotor*  This 
analysis  oould  be  followed  by  the  ballding  and  testing  of  a  ooq^letely 
pfaysioal  Phase-Look  Loop*  This  would  reqnire  a  detailed  Phase  Deteotor 
and  VOO  oironitzy  analysis*  In  order  to  detezalne  the  affects  of  the 
pbysloal  units  on  the  operation  of  the  loop.  Ihe  variation  of  the  low 
pass  filter  to  disoover  the  uost  aooesslble  pkysioal  realisation  would 
prove  to  be  vezy  Interesting*  Bsoause  of  the  low  power  levels  used  In 
the  FIX*  the  piqrsioal  aodel  would  aost  Ukhly  tend  to  be  transistorised 
to  reduoe  the  slse  and  weight* 

The  ooi^wrison  between  the  pbysioal  and  slanlatlon  loops  would  add 
anoh  to  the  knowQbsdge  of  the  analysis  of  non  linear  gystans* 
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Cooqputatlon  of  Root  Loci 
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I.  fBOmtM  JaSBACI 

title;  Coaputatlon  of  Root  Loci 

Subject  Cleeeiflcatlott;  9*1^ 

Authors  t  larvey  M.  Peskin  ead  Cherlei  W.  Rleherd,  J!r. 

Air  Force  Sietltute  of  Technology 

Mrect  Inquires  to;  Cept.  Cbsrles  tf.  Richard,  Jr, 

Matheaatlcs  Department,  AF  institute  of  Teehnology 
Hrlght-Patterson  AF  Base,  Ohio 
CL3-7m  -  Ext.  29II5 

Purpose  Ascription ;  Olven  the  poles  and  seros  of  a  rational  transfer 

function  a(s),  this  FOBBAI  program  ealenlates 
the  roots  of  the  characteristic  egaatlen  for  a 
feedback  system 

1  0(s)  .0 

the  locus  of  one  root  Is  calculated  at  efual 
Increments  In  the  coavlex  s-plane  for  moootooe 
▼arlatlons  of  the  parmseter  E. 

Mathematical  Method;  Starting  at  a  point  on  the  locus,  ths  next  point 

Is  calculated,  using  a  modified  levtem’s  method 
to  satisfy  the  angle  ecodltloo 

Arg  0(s)  •  (2k  ♦  l)ir  k  •  0,  el,  e  S,*** 

Restrlctloas;  Ae  nuafter  of  poles  plus  the  mnher  of  seros  of  Q(s) 
must  not  exceed  2$.  Points  on  %b»  locus  are 
only  tor  non<««gatlTe  Talues  of  the  parameter  K* 

Iqulanent  Specifications;  IW  1620  vith  20,000  digits  of  mmnxy* 

1622  card  reader-punch* 


Additional  Remarks:  1.  this  FGB3BAR  program  was  coppl^  using  the 

APIS  Ikprored  Fortran,  1.1.010*  Standard 
Aflf  Fortrem  subroutines  are  used  <»M»i«sei>g 
absolute  value,  except  that  the  Print  saM- 
routlne  is  modified  to  carriage  return  before 
printing. 
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Add*  ReMxks:  2.  Ihe  object  deck  has  been  coBqpreased,  using 
an  AFIT  coispresscr.  The  object  deck 
Is  sequenced  trcm  5tl  throuid^  279  in  eolnms  78 
throu|b  60.  Ihe  Fortran  source  deck  Is  seqjseneoa 
froai  931  tluroigh  IB7  In  eoluams  78  throng  80. 

3*  Coaqpared  vlth  other  Bethods  of  eoavutlag  zeros  of 
polynoodals,  it  is  believed  that  this  progna 
achieves  decreased  runnixtg  tlae  at  the  expense  of 
decreased  accuracy.  Accuracy  of  the  results  is  a 
function  of  the  number  and  distribution  of  the  poles 
and  zeros  of  e}(s)  and  the  location  of  the  particular 
root  being  coavuted.  For  a  variety  of  sstyila  jimblaBM 
the  average  tlae  to  calculate  one  point  on  the  locus 
vas  13  seconds,  exclusive  of  printing,  at  a  vorst 
known  accuracy  of  4  declaal  digits. 

n.  BBSCRlPTKg  OF  FROOBAM 

The  transfer  function  for  a  feedback  systesi  nsy  be  written 


where  the  "gain”  K  is  a  real  nuriber  and  0{s)  is  restricted  to  be  a 
rational  function  of  s  in  the  factored  fozn 


\ 


4 


a(s)  . 


(s  -  Z^)(s  -  Z2)  •  •  •  (■  .  1^) 
(■  -  Is  )(-  -  Jfe)  •  •  *  (■  -  Pn) 


This  prograa  calculates  the  zeros  of  the  denoninator  Q(s)  <*■  KP(s)  for 
non-negative  values  of  the  peraaeter  E.  Starting  at  a  known  root  of 
Q(s)  ♦  KP(s)  ■  0,  a  locus  of  roots,  s-,  is  calculated  at  fixed  ineraa- 
ents,  jdRf  ,  in  the  coavlez  plane. 


•l.  -  XL  ♦ 

"  "  ^  I  ®Lfl  "  *1 

dR  is  co&sidered  positive  for  Increasing  values  of  the  paraaeter  K  and 
negative  for  decreasing  values  of  the  parasetar  K.  Bm  value  of  K  at 
each  point  on  the  locus  is  coufuted  and  output  with  the  real  and 
laaginazy  part  of  the  point. 
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III.  MEEHOD  OF  CCMPtJTATIOH 

At  a  root,  of  Q{s)  +  KPia)  ■  0 

X  1 


therefore:  arg  <3/(bj^)  ■ 

TT  or 

and 

|o<8l)|- 

Defining 

-  arg  (aj^  • 

•  ‘i> 

•  arg  (sj^  . 

•  Pi) 

then 

a 

n 

a  a  • 


•rg  0(«j^)  •  2  “  2.  ♦  l>ir  k  •  0,  1 1,  t  2 


s-plana 
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Starting  at  the  point  Sj^  on  the  root  locus  a  nev  test  point  9  la 
detexnlned  for  a  given  ZR  and  Initial  angle  d. 


8  •  8^^  t  dR  (cca  6  t  1  8ln  d) 


A  Biodlfled  Newton  *8  method  le  used  to  detennlne  a  6j|  to  satisfy 

arg  G(s}  -  (2k  l)ir  ■  0 

This  nev  point  s^^  ■  s^  -f  dR  (cos  On  i  0||)  Is  approximately 
on  the  locus. 

If  the  modified  Newton's  method  falls  an  alterxuite  procedure,  essen¬ 
tially  a  binary  search  for  0,1s  used  for  convergence  to  0^. 

After  convergence  to  the  nev  point  s^^  on  the  locus  the  associated 
value  of  the  gain  K  Is  calculated,  using  ^ 

I  r  I  ■  1  ,  l*L»l 

i«l 

For  a  more  complete  description  of  the  mathematical  method,  see  refsr- 
enc'^  2. 


IV.  INPUT  yOBMkT 


A.  A  problem,  cr  series  of  problems,  may  be  Input  from  cards  or 
typewriter,  depending  on  sense  Switch  1. 


Sense  Switch  1 


ON:  from  typewriter 
CRF:  from  cards 


All  data  is  liqut  without  an  lnp';it  fi:  cast  .specified.  Therefore,  data 
iq^t  either  fVom  typewriter  or  cards  may  be  In  any  form,  with  or 
without  a  decimal  point,  or  In  floating  form.  There  Is  one  restrict¬ 
ion  for  card  iiqput.  If  Input  cards  have  extraneous  Information 
punched  following  the  data  (such  as  sesmsncs  nuii>ers)  then  a  record 
msxk  must  separate  the  data  from  the  extraneous  information. 
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Separate  moS>era  aast  be  eeparatel  by  one  or  aore  coaMas  or  blabka 
if  there  Is  aore  than  one  piece  of  data  In  the  saae  input  record* 
there  aay  not  be  any  blanks  within  a  nuri»er.  If  the  ii^ut  is  froa 
the  typewriter  8BESA8I,  8IART  should  be  pressed  where  R/s  is  indi¬ 
cated  below*  If  the  Iq^t  is  froa  cards  each  new  welue  of  'Vi ", 
itea  (l)  below,  aust  appear  as  the  first  piece  of  data  on  a  aoiorate 
card.  As  aany  of  the  matomn  foUowins  it«i  (l)  as  will  fit  a^r 
be  punched  on  the  saae  card* 

9ie  fora  and  order  of  the  input  data  are  as  follows: 


(1)  n  (R/s) 

(2)  Re  pj^,  (R/s) 

la  p^  (H/-) 

e 

e 

RePnlzkPn  (»/•) 

(3)  a  (R/a) 

(k)  Re  Sj^,  Ik  (r/s) 

Re  Sg,  Ik  Sg  (R/e) 

Re  Si  a^  (R/s) 

(5)  Re  s^  as  no  (R/s) 

(6)  ■  (R/e) 


(«••)  *0  (»/•) 


for  n  >  0,  n  ■  the  no*  of  poles  of  0(b) 

the  real  and  lasalnary  part  of  eoOh 
pole,  pj^,  of  0(sy 


a  m  the  nukber  of  seros  of  0(s) 

real  and  lasalaary  part  of  eaeh 
taro,  B^,  of  0(s}* 


the  real  and  iaspiaary  port  of  the 
startiaf  point  s  on  the  looua*  Tblz 
point  aay  be  any  one  of  the  poles 
J^of  (Ke). 

W  •  |■Lfl  -  \  I 

If  dB  is  poeitiwe,  points  on  the 
locus  will  be  cslflulated  for  iaereas- 
inp  Tslnee  of  K*  dR  is  napatiTs  for 
deeressiap  wnlass  of  K* 

I  f  I  •  tts  aakber  of  pointB  on  the 
locus  to  be  output*  If  I  <  0  see  6*n* 

toitlal  seerOh  angle  in  deprees*  If 
10(6)  I  >  0,  this  record  is  net  input* 
fhon  9^  ■  0  if  a  asw  s^  has  Seen  ia- 

Fit,  otherwise  9  ■  tu  of  the  prewieus 
point.  •  ■ 
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IV*  B*  Alternate  form  of  input  data  for  eubseqiaent  runs. 

In  subsequent  runs  for  the  ssae  transfer  fbnetion  0(s), 
the  poles  end  seros  of  a(s)  need  not  be  input  again.  The  first 
reoozd,  n,  is  used  as  a  switch. 

omci  1. 


OPIIOH  2. 


omw  3* 


1.  Reset  Switch  2  and/or  3 
2*  Alter  fros  the  typewriter 
I  (R/s) 

RQTB:  Switches  2  and  3  should  be  set  OCT  while  the 
root  Sj^^  Is  being  printed.  Otherwise,  the  last  point 

cosiputed  will  not  be  ou-^t. 

C*  CoMsnts  on  the  use  of  the  Tarious  input  oftions 

1.  The  optional  input  of  an  initial  search  aa^  Og  is 

■ost  usefhl  in  the  Tieinity  of  a  point  Where  two  or  aore 
loci  cross.  Diffexwnt  0^  's  Mgr  be  used  to  ohtaia  points 

on  the  different  loci.  A  new  Mgr  be  input,  as  dsecribeA 
in  A6.a,  with  either  OCTROI  1,  2,  or  3  shore. 


n  •  0  for  a  new  starting  point  s^ 
Input  data  is  of  the  fozn 


(1) 

(5) 

(6) 


Re  s  -  Bs  s. 

O'  o 


(R/«) 
(R/«) 
n  (R/s) 

n  a  -1;  to  continue  on  ssm 
Input  data  is  of  the  form 


(1) 

(6) 


-  1 

dR,  I 


(R/O 

(R/«) 


locus  but  with  new  dR. 


Msniisl  intervention  for  new  dR  on  ssbs  locus*  After 
one  or  nore  points  on  the  locus  have  been  output  set 
Switch  2  and  Switch  3  CCT.  After  calculating  the 
current  s^^.  typewriter  will  print 


OBUCA  R,  RO.  or  POUTS 
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rr.  C.  2.  ORIQH  1  !•  uMfol  for  obtaining  aevaral  loel  aaaoelatad 
vlth  tb*  a(a).  A  dlffarent  loeua  starts  (l.e., 

K  "  0)  at  ssoh  of  tbs  polss  of  0(s)* 

3.  ORIQH  2  Is  useful  for  obtaining  aore  points  along  a 
particular  sectlMv  of  a  loens*  Quite  often  tbe  general 
shape  of  a  locus  Is  knosn  sad  aoxe  points  asgr  be  desired 
In  the  area  of  crossing  loel.  Intercepts  vlth  the  axis, 
etc. 

h*  QRKH  3  is  useful  for  changing  dR,  the  spacing  between 
points,  based  upon  the  laasdlate  pxlated  results.  A 
negative  In  order  to  '^aek  up^  on  the  loeus.  Is 
useful  If  It  Is  noted  froa  the  printed  oul^t  lhat  a 
particular  point  of  latarast  has  Just  bean  passed.  Alter¬ 
nating  use  of  positive  sad  negative  4B  vlth  idBj  decreas¬ 
ing  also  vUl  allow  for  Manal  eoatvergnee  to  a  root  vlth 
a  specified  K. 

f.  OffgW  fflWIH 

Ihe  results  asqr  be  tpped,  punched  on  cards,  or  both.  Bm 
fomat  of  off-line  printing  Is  the  ssbhi  as  cn-liae. 

Sense  Bwltch  2t  CK  Ippe  results 

Sense  Switch  3*  OV  Pnadi  results 

A.  Data  for  each  point,  s^  on  the  loeus  is  output  la  three  eol- 


X  T  Oka 

»•  'l  *t 

B.  poles  sad  seros  of  0(s}  are  output  following  thslr  laput 
to  Identify  the  results.  Prsnssdlng  each  list  of  I  roots,  4B 
Is  output.  9^  Is  output  following  A  Is  a  Sq  had  been  input. 
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vx.  ampiz  PRCBiai 


0(8)  - - £  - 

8(b  4  9  -f  >fl)(s  -f  9  -  ^l) 

AsBune  the  foUovlxig  output  1b  deBlred: 

1.  5  points  on  the  locus  etaurtlng  at  the  pole  s  ■  0 

with  en  Initial  angle  of  180  degrees  and  a  dR  ■  2.0. 


2.  5  points  on  the  locus  starting  at  the  pole  s  ■  -9  4-  hi  with 

an  Increaent  dft  ■  1.0  continuing  vlth  4  aore  points  vlth 
dR  -  0.9. 


Input  Data  -  3  cards) 


3  0.  0.  -9. 

0  -9.  4.  1. 

-1  .5  4 

-4.  -9.  4.  1 

5 

-19.6  0.  0.  0. 

Printed  Output 

VALUE  0F  P0LES 
.OOOOOOE-99 
-9.000000E+00 
-9.000000E4'00 

.OOOOOOE-99 

-4.0000COE+00 

4.000000E+00 

VALUE  0F  ZER0S 
-1.960000E+01 

.OOCOOOE-99 

DELTA  R 

INITIAL  THETA 

2.0000 

180.0  DEG. 

X 

.OOOOOOE-99 

-2.000000E4-00 

-4.000000E4-00 

-6.000000E4-00 

-8.000000E4>00 

Y 

.OOoOCOE-99 

.000C30E-99 

.0000&0E-99 

.OOCOOOE-99 

.OOOCOOE-99 

GAIN 

.OOOOOOE-99 
7.386363E+00 
1.051282E+01 
1.1 02941 E+01 
1.172413E+01 

DELTA  R 

-9.000000E-«'00 

-8.318490E400 

-7.678918E+00 

-7.080038E4>00 

-6.518831E4-00 

1.0000 

4.0000COE+00 
3. 2661 91 E+00 
2.499460E+00 
1.698621 E+00 
8.709456E-01 

.OOOOOOE-99 
5.554888E+00 
8.791001E+00 
1 .038586E+01 
1 .095099E+01 

DELTA  R 
-6.247419E+00 
-5.748261 E+00 
-5.505700E-I-00 
-5.276290E4-00 

.5000 

4.510221E-01 
4.800138E-C1 
9.172369E-01 
1.361 501 E+00 

1.101978E+01 

1.104028E+01 

1.110832E+01 

1.128243E+01 
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VII.  OWBATIBQ  nSBBJCTICgB 


1.  Clear  mmory,  if  dealred,  aa  follows: 

a.  Set  all  check  awltehes  to  FROCHMN. 

b.  Depress  IHBIAlfl  STOP  and  RE8BT. 

c.  Depress  IRSEEtT. 

d.  Type  16  00010  00000. 

(12  digits,  no  spaces  or  punctuation) 

e.  Depress  REI2ASB  and  START  (or  the  B/S  key) 

f .  After  the  MAR  lights  have  cycled  through  MMory  at  least 
once,  depress  II8IAIT  STOP. 

g.  Depress  RBSBI. 

2.  load  the  object  deck  as  follows: 

a.  If  the  coaputer  is  not  in  ■anusl  node,  press  UBIAIT 
STOP  and  RESIT. 

b.  Set  the  OVBVLOW  switch  to  PROGRAM,  all  other  cheek  switches 
to  STOP. 

e.  dear  the  card  reader  by  reaoring  any  cards  In  tbs  hopper 
and  pressing  RIAEB  STOP  and  lOB-IROCIBS  HIROIIT.  Tbm 
rsaowe  all  cards  froa  the  stacker. 

d.  Put  the  object  de^  in  the  reader  hopper. 

e.  Depress  LOAD. 

f.  When  the  reader  stops  on  the  last  two  cards,  depress 
READER  START. 

g.  Reaove  the  cards  froa  the  read  stacker  and  dbaek  for  the 
last  card. 

3.  a.  Set  the  progrsa  switches 


2 

OPT 

1 

Xoput  froa  typewriter 

Iqpat  froa  cards 

2 

Print  output 

Oo  not  print 

5 

Punch  output 

Do  not  ponOh 

4 

VOr  error  in  typed 
IxVttt  onljr.See  6  below 

Motaal 

b.  Check  switches;  set  the  omPlOr  8WISC1  to  mmiM,  all 
other  check  switches  to  STGP. 
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VII.  U.  If  data  cards  are  to  be  read  (Switch  1  Ott),  place  two  blahk 
cards  after  the  data  deck,  place  in  the  read  hopper,  and 
depress  BBABER  START* 

$.  If  output  cards  are  to  be  punched  (Switch  3  place  bleak 
carda  in  the  punch  hopper  and  press  PUm  START* 

6*  Set  paper  in  the  '^pewriter  three  lines  helov  start  of  a 
new  page.  Set  typewriter  ■**»ff*"*  to  allow  for  at  least  k6 
characters* 

7*  Press  START  twice*  Execution  of  the  prograai  will  begin. 

8.  If  typeniter  input  is  called  for,  an  identification  of  the 
data  to  be  entered  will  be  typed,  then  the  typewriter  will  be 
energized.  Enter  the  appropriate  data  and  depress  the  key* 
If  a  typing  error  is  sMde,  and  it  is  found  before  the  R/B 
key  is  pressed,  it  nay  be  corrected  as  follows: 

a*  Turn  Switch  h  OR* 

b*  Depress  r/s* 

c*  Turn  Switch  b  GRP 

d*  Retype  the  entire  line 

e.  Depress  R/S 

Rote  that  Switch  b  Bust  be  GPP  whenever  InfOnaatlon  ia  being 
entered  at  the  typewriter,  except  idMn  an  error  la  being 
corrected* 

If  the  typii^  error  is  not  discovered  until  after  R/B  Is 
pressed,  it  is  too  late  to  correct  it* 

9*  After  the  specified  H  points  on  the  locus  have  been  ou^t, 
the  progran  will  always  begin  again  and  call  for  new  data* 

10*  To  eanuany  stop  the  progrsB  at  any  tias  in  order  to  input  new 
data,  depress  IRSTAIIT  SIGP,  RIBIT,  IWT,  RIUA8I,  START. 
Repeat  steps  3  through  7* 

11*  If  the  results  wue  punched,  the  ou^t  data  dedt  My  be 
reaoved  at  the  end  of  coaputatlon  as  follows: 

a.  Lift  the  blank  cards  froa  the  punch  hopper* 

b*  Depress  IGP-PROCRSS  HOIOUT  for  a  few  seconds* 
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C  CCMPUTATICN  0F  R00T  L0CI 

DIMENSI0N  a:25),B^25^ 

T0L-1OE-O7 

174  IF  (SENSE  SWITCH  2)  74,171 

171  IF  'SENSE  SWITCH  31  74.172 

172  PRINT  173 

173  F0RMAT  (/17HSET  SWITCH  2  0R  3,/) 
PAUSE 

G0  T0  174 

74  IF'SENSE  SWITCH  1)13,9 

13  PRINT  8 

8  F0RMAT  (//12HN0.  0F  P0l.ES) 

ACCEPT  ,K 

IF  (K)  121,7,5 

5  K0LES  -  K 
PRINT  10 

10  F0RMAT  (/14HVALUE  0F  P0 
00  12  J-1,K0LES  ^ 

12  ACCEPT.  A*J).  BfJ) 

PRINT  1 

1  F0RMAT  '/12HN0.  0F  ZER0S) 

ACCEPT,  ER0S 
M  -  K0LES-fJER0S 
N-K0LES-f1 
IF  'JER0S)  7,7,3 

3  PRINT  4 

4  F0RMAT  '/14HVALUE  0F  ZER0S) 

00  6  l-N,M 

6  ACCEPT,  A'D.BM) 

7  PRINT  14 

14  FORMAT  '/5HP0INT) 

ACCEPT,  XL.YL 
THETA-0,0 

121  PRINT  16 

16  FORMAT' /22H0ELTA  R,  NO.  0F  POINTS) 
ACCEPT, DELR.L 
IF'L)120,156,156 
120  PRINT  19 

19  FORMAT  '/13HINITIAL  THETA) 

ACCEPT,  ANGLE 
THETA-ANGLE*,0174533 

G0  TO  156 

9  REAO,  K 

IF  'K)  153,33,18 
18  K0LES-K 

DO  20  J-1,K0LES 

20  REAO,  A(J),  BfJ) 

READ,  JEROS 

M-K0LES-I-JER0S 

N-K0LES-I-1 

IF  'JER0S)  33,33,21 

21  DO  24  l-N,M 
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24 

33 

153 

123 

124 

127 

90 

92 


130 

154 

151 

156 

150 

79 


125 

22 

ll 

96 


97 

132 

352 

152 

195 

295 

95 


252 

332 

333 
230 


READ,  AM),  BM) 

READ,  XL,  YL 

THETA-0.0 

REA0,0ELR,L 

IFa)123, 124,124 

READ  ,  ANGLE 

THETA-ANGLE*. 01 74533 

IFfSENSE  SWITCH  2)127,156 

IF<K)131.131,90 

PRINT  10 

00  92  J-1,K0LES 

PRINT  17,  AfJ),  BfJ) 

PRINT  4 

00  93  l-N,M 

PRINT  17,  Afl),  BM) 

PRINT  130,0ELR 
F0RMATM7HDELTA  R,F16.4) 
IFa)154, 156.156 
PRINT  151, ANGLE 

F0RMATM3HINITIAL  THETA,F7, 1 , 7H 

IFFSENSE  SWITCH  3)125,150 

IFFSENSE  SWITCH  2)152,79 

PRINT  173 

PAUSE 

G0  T0  156 

IF'K)132, 132,94 

F0RMAT  </6X,  1HX,  15X,  1HY,  13X, 
F0RMAT  <E13.6,  3X,  E13.6) 

PUNCH  10 

00  96  J-1,K0LES 

PUNCH  17,  AU),  B(J) 

PUNCH  4 

00  97  l-N,M 

PUNCH  17,  AM),  BM) 

PUNCH  130,DELR 
IF'L)352, 152,152 
PUNCH  151, ANGLE 
IF'K)252,95,195 
PRINT  22 

IFFSENSE  SWITCH  3)295,95 

PUNCH  22 

X-XL 

Y-YL 

GANE-0.0 
DEL- 1.0 
G0  T0  56 

IF'0ELR*0EL)332,121,230 
I  Fa)  230, 333.333 
THETA-THETA+3. 141 5927 
K-1 

D-ABSrOELR) 
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23 


25 

27 
32 

28 
30 

26 


31 

29 

kk 

42 

45 

46 
51 


530 

53 
52 

54 


55 

80 

81 

82 

98 

99 

100 
101 

102 

103 

56 


DEL-DELR/0 

X-O*C0S'THETA)+XL 

Y-D*SINrTHETAHYL 

BETA-0.0 

00  29  1-1, M 

P-0.0 

IF  'X-AM)1  25,26.27 
P-3. 141 59265 

PSI-ATAN(^Y-B(I))/<X-A(I))) 

IF  (Y-BM))  28,30,30 
P-O.O-P 

BETA-BETA-PSI-P 
IF  M-K0LES)  29,31,29 
PSI-O.O 

P-1.57079633 

G0  T0  32 
BETA-O.O-BETA 
C0NTINUE 
EPSIL-ABS^BETA) 

EPSIL-EPSIL-6.2831853 
IF  (EPSIL)  42,56,44 
EPSIL-EPSIL+3, 14159265 
IF  'BETA)  45,46,46 
EPSIL-O.O-EPSIL 
G0  T0  (51, 530,99), K 
DELTH-EPSIL 
K-2 

G0  T0  52 

IF  (ABS(EPSIL-EPSAL)-1.0E-07)  98.53,53 

DELT^^EPSIL*ABSffTHETA-THATA)/'EhlC-EPSAL)) 

IF  'T0L-ABSfOELTH))  54,56,56 

THAT A- THETA 

EPSAL-EPSIL 

IF  ' 0.785 39816-ABSfDELTH))  80,55,55 
THETA-THETA-' OEL*DELTH) 

GC  T6  23 

IF  'EPSIL)  81,56,82 
THE T A- THE T A+0 . 785 398 1 6 
Ge  TC  23  «  «  . 

THETA- theta-0.78539816 

G0  T0  23 

K-3 

Z-2.0 

IF  'EPSIL*DELTH)  100,56,102 
Z-0,5 

DELTH-'-0.5)*OELTH 

G0  T0  103 

DELTH-Z*DELTH 

IF'T0L-ABS'OELTH))55,56,56 

UP-1,0 
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59 

60 
58 


63 
163 

65 

61 

62 

66 

64 

73 

70 
133 

71 
67 

75 
175 

76 

72 


WSLZ-SQRT' ( X-A( I ) )*' X~A( I ) )+'Y-B< I ) ) 
UP-UP*WSLZ 


IF  'I-K0LES)  58,59,58 

IF  'UP)  60,61,60 

UP- 1.0/UP 

C0NTINUE 

PGANE-GANE 

IF  'UP)  63,62,63 

GAAN- 1.0/UP 

IF'0EL*'GAAN-P6ANE))65,66,66 

THETA-THETA+1.8 

GC  T0  230 

GANE-0,0 

G0  T0  64 

GANE-1.0E50 

G0  T0  64 

GANE-GAAN 

XL-X 

YL-Y 

IF  'SENSE  SWITCH  3)  70,  133 

PUNCH  67,  XL,  YL,  GANE 

IF  'SENSE  SWITCH  2)  71.  75 

PRINT  67,  XL,  YL,  GANE 

F0RMAT  'E13.6,  3X,  E13.6,  3X,  E13,6) 

IF  'SENSE  SWITCH  3)  72,175 

IF  'SENSE  SWITCH  2)  72,76 

K— 1 


G0  T0  121 
IF'L)  77,78,78 
L— L 


L-L-1 

IF'L)174,174,230 

END 


'Y-B'I))) 
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APPEMDIX  £ 

Qjnuualo  Response  for  typ*  Fbase«Lodc  Loop 
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This  Appendix  contains  the  step  and  ramp  responses  of  the  l^pe 
'Tia)  Phase-Lock  Loop.  The  following  values  apply  to  these  curves. 

A  =20 
3  =20 

K,  =2 
=  .3 
K3  =5 

=  (239)  (.05)  0 

0=0 

F(s)  =  K  (s  .1)  (s  +  .6) 
s  (s  +  1)  (s  +  .5) 

G  =  10  to  G  =  160 

Step  =  .05  radlans/see 

Ramp  =  .05  radlans/seo**’ 

The  various  curves  shown  on  the  following  pages  are  from  top  to  bottom. 


1  A  SIN  e^,  t 


Amnll tilde  Scale  v/qa} 
20 


2 


B  SIN  cu^t 


20 


3 

k 

5 


J^C 


5 

as  marked 
as  marked 


The  time  scale  of  these  curves  are  5  see/om. 
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!  :  f  :  :r  * 

!■  i  ■ 


^  S/A^  C4j,i> 


C5  >SlA/  cOj^ 


««? 


*JiO 

-JLO 


- .  —  Xi 
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AppMdix  Flgur*  C-2 
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A  3/ A/ 


A3  S/A/ 


•5 


a  Mo  Wsp} 

JL.^. 
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